Abstract: The calculations of the hyperfi ne coupling constants (HFCC) of tetramethyl-p-Phenylenediamine (TMPD) are presented. Several DFT functionals are employed and the results are compared with the UHF and MP2 level of theory. Sensitivity of HFCC to the choice of the basis set is investigated. Impact of the different conformers of TMPD and the equivalence of methyl group hydrogens on the HFCC values is considered. The solvent effects are introduced via polarizable continuum model and compared with in vacuo calculations. Last but not least, molecular dynamics is employed to include the solvent molecules as well as the dynamics explicitly, accounting similar conditions comparing to the liquid phase EPR experiment.
Introduction
The most important feature of the EPR spectra is their hyperfi ne structure. The source of this phenomenon is the magnetic interaction between the spin of an unpaired electron with the magnetic moments of nuclei in a radical. From theoretical point of view the splitting of the signal in the liquid phase EPR experiment can be obtained by means of the isotropic Fermi hyperfi ne coupling constant (HFCC), which is a good approximation for organic radicals. The isotropic hyperfi ne Fermi coupling constant reads:
( 1) where: g N -g-factor of the nucleus, g e -g-factor of the electron, β e -Bohr magneton, β N -nuclear magneton, S Z -operator of spin momentum and 〈Ψ 0 |Ŝ z δ(r)|Ψ 0 〉 -eigenvalue of the spin density at the nucleus. The molecule studied in this paper is the tetramethyl-p-Phenylenediamine radical (TMPD) (see Fig 1) , also known as Wűrster's blue (Grampp et al. 2005) . This compound belongs to the group of colored organic radicals based on the p-Phenylenediamine, which are known as Wűrster's cations (discovered by German chemist Casimir Wűrster more than 100 years ago). These compounds are used in a wide range of industrial applications, mainly as coupling components in the developing process of color fi lms and thin foils. The quite simple molecule of TMPD can actually have several confi gurations, according to the orientation of the methyl groups in the space (see Fig. 2 ).
Statistical population n i /N (molar fraction) of one of the confi gurations is given by its energy according to the Boltzmann distribution (2) where β = 1/kT (k is the Boltzman constant and T = 293.15 K), ε i is the SCF energy of the i-th conformer relative to the conformer with the lowest energy and
The fi nal value of hyperfi ne coupling constant A F then reads:
Furthermore, the hydrogens of the methyl group are in the EPR experiment in liquid phase equivaActa Chimica Slovaca, Vol. 5, No. 1, 2012, pp. 100-108, DOI: 10.2478/v10188-012-0016-0 lent because of the free rotation of this group. But, in quantum chemistry the skeleton of a molecule is fi xed, in which case these hydrogens are not equivalent anymore. In the TMPD radical one of the hydrogens of each of the CH 3 group is in the plane of the benzene ring and the other two are placed above and below the plane. Hence, instead of one HFCC value for all the methyl group hydrogens, one obtains three different (one related to the planar hydrogen and two very similar related to the non-planar hydrogens) values of HFCC. Nonetheless, there are several ways to face this issue of making the hydrogens again equivalent. The fi rst option is a simple arithmetic mean of all the values of HFCC related to the hydrogens of methyl groups in a given molecule (see Table 2 ). This is the most elementary approach which is very often employed and does not demand any additional calculations. The second option is to simulate the rotation of one of the methyl groups. This method has been performed by using a set of geometries of the TMPD radical with one of the methyl groups rotated between 0-60 ° (e. g. with a step of 5 °). The rest of the molecule has been fi xed (the geometry has not been relaxed/optimized during the rotation of the methyl group). The fi nal value of HFCC can be obtained in two different ways, one is the arithmetic mean of all the HFCC values of the hydrogens of the rotated geometries (this is equal to a free rotation). The second one accounts the dependence of the relative energy on the dihedral angle and makes use of equations 2 and 3 to obtain the fi nal HFCC constant of a statistically weighted rotation of the methyl group. Last but not least, one can employ molecular dynamics (Alder and Wainwright 1957) . In such a case one can include explicitly the solvent molecules and the simulation of the motion of the molecule (rotation of the methyl group and vibrations as well) within the calculation of a given property (Rimarčík et al. 2010) .
The main goals of this work are the calculations of HFCC by using modern methods of computational chemistry. The work is focused on the sensitivity of HFCC to different kinds of correlation effects such as electron correlation, molecular dynamics, effect of the solvent (comparison of the continuum model with an explicit treatment of the solvent), infl uence of the basis set quality, conformational analysis and the issue of the equivalence of hydrogens of the methyl groups.
Computational details
Calculations in the Gaussian03 package (Frisch et al. 2003) were performed at the UHF, at the DFT level of theory (Parr and Young 1989) and at the second order Mőller -Plesset perturbation level of theory (MP2) (Moller and Plesset 1934) . Besides the B3LYP functional (Kim and Jordan 1994, Stephens et al. 1994) , the PBE (Perdew et al. 1996) , BLYP (Becke 1988), PBE0 (Adamo and Barone 1999) and M06 (Zhao and Truhlar 2006) functionals have been tested. Calculations using the M06 functionals were performed in the NWChem package (Bylaska et al. 2010) . The following basis sets have been used in the presented calculations: cc-pVDZ, aug-cc-pVDZ, uncontracted aug-cc-pVDZ (denoted as UDZ), cc-pVTZ, cc-pVQZ (Dunning 1989 ), 3-21G (Binkley et al. 1980 ), 6-31G, 6-31G* (Hehre et al. 1972) , 6-311G** (Krishnan et al. 1980 ) and the eprII / eprIII basis sets which were developed for the calculations of EPR parameters (Barone 1996) . The sensitivity of HFCC to solvation models d) 2a2b-trans e) 3a1b f) 1a3b was investigated by means of polarized continuum models of Gaussian03 package; PCM, CPCM (Miertus et al. 1981, Barone and Cossi 1998) . The solvation models have been tested with the cc-pVDZ basis set. Acetonitrile and methanol have been used as solvents. The geometry of TMPD was optimized for the given level of theory, basis set and environment (PCM, CPCM or in vacuo). The MD calculations were performed in the NWChem package (Bylaska et al. 2010) , using the M06 DFT functional (Zhao and Truhlar 2006) and the 3-21G basis set (Binkley et al. 1980 ). The Berendsen thermostat was set to 298 K, time step was 0.1fs, and the simulation was 1000 steps long. Velocity has been reassigned every 250 time-steps. The relaxation was set to 250 time steps as well.
Values of HFCC were calculated in the NWChem package (using B3LYP method and cc-pVDZ basis set) from fi fty (twenty fi ve) geometries/frames of the MD simulation, beginning with step number 499 (749) for each 10th step. The fi nal HFCC value has been obtained as the arithmetic mean from all the fi fty (twenty fi ve) MD geometries.
Results and discussions

Conformers of TMPD
The TMPD molecule contains four methyl groups -two on each nitrogen in the para positions of the benzene ring. The possible six different conformations of the TMPD molecule which are defi ned by the orientation of the methyl groups are shown in Fig 2. Nonetheless, a given conformer can have a different number of equal geometries by means of the labels of the methyl groups, see the count of combinations (multiplicity) in Table 1 . Energies of all possible conformers were obtained using the B3LYP functional in the aug-cc-pVDZ basis set, with and without inclusion of the PCM solvent model (see Table 1 ). Nonetheless, geometry of conformer 4a has been optimized at the B3LYP/ aug-cc-pVDZ level, while the remaining conformers have been obtained as single points of the rotated methyl groups of the 4a geometry, see the discussion below. Relative energies and average values of HFCC for all conformers are presented in than the values gained by a simple arithmetic mean. It is obvious, because the abundance of conformer 4a is 96 %. The abundance of conformer 1b3a is 4 % and the contribution of the remaining conformers is actually negligible. Differences between HFCC calculated with and without the inclusion of the solvent model are not very signifi cant. The solvent effects will be more closely discussed in one of the coming subchapters (see also group hydrogens A F (H CH3 ) of TMPD (conformer 4a) at different levels of theory are presented in Table  2 . The sensitivity of HFCC to basis set quality and solvation models is presented in Table 2 . Nonetheless, the impact of solvation for the NO 2 containing radicals, for instance, has been found much more signifi cant and considerably improves the agreement with experiment (Rimarčík et al. 2011, Brezová et al. unpublished) .
Sensitivity of the HFCC to the choice of the basis set
Besides the importance of the choice of a method for HFCC calculations, the basis set choice is a non trivial task as well. Surprisingly, basis sets of DZ (or even lower quality) yield a considerably better agreement between experimental and theoretical HFCC values than the TZ/QZ quality basis sets (these values are signifi cantly underestimated especially in the case of A F (N)). The cc-pVQZ basis set gave a slightly better agreement in the case of the A F (N) and A F (H arom ) in comparison to cc-pVTZ. However A F (H CH3 ) obtained with cc-pVQZ is the worst among the B3LYP HFCCs of the methyl group. The low quality 3-21g basis set yielded quantitatively a surprisingly good agreement with the experimentally obtained HFCC values. The 6-31g basis set yielded a worse agreement with experiment than 3-21g basis set. Pople style TZ basis set 6-311g** (Hehre et al. 1972) did not improve the agreement with experiment as well (especially in the case of A F (N), which was too far from experiment). Only the 6-31g* B3LYP HFCC values are in a good correlation with experiment. Basis sets developed especially for calculations of EPR parameters at the DFT level of theory epr-II and epr-III did not bring the expected agreement with experiment, only A F (H arom ) are close to the experimental results (see Table 2 ).
Impact of rotation of the methyl group on HFCC
Calculations of HFCC with the inclusion of the rotation of the methyl group were performed in vacuo, using the B3LYP method and aug-cc-pVDZ and/or UDZ basis sets. In these calculations only the dihedral angle of the methyl group was changed and the rest of the molecule was fi xed.
Step size of the rotation of the dihedral angle was 5 °. Dependence of the B3LYP energies (relative to the conformer 4a) and of the HFCCs of the hydrogens of the rotating CH 3 group upon the dihedral angle are shown in Figs. 3, for both aug-cc-pVDZ and UDZ basis sets. In Table 3 , are shown the fi nal HFCC values for TMPD. Values in the fi rst column were obtained by simple arithmetic mean of all the three hydrogens of the rotated methyl group (see Table 2 ), values in the second column are from conformational analysis (see Table 1 ), values in the third column were obtained by considering the free rotation of the methyl group (see Fig.  3 ) and values in the forth column are based on the weights from Boltzmann statistics (Equation 1). One can see that all numbers in Table 3 give a good agreement with experimental value of A F (H CH 3 ) 6.77 Gauss. The best agreement with experiment was obtained with the UDZ basis set when considering the free rotation of the methyl group. Difference between this value and the experimental one is just about 0.5 %. Interesting is also that the results obtained by the free rotation are more accurate relative to experiment comparing to the statistically weighted ones, which are a little underestimated.
Inclusion of molecular dynamics and the explicit treatment of solvent
Temperature profi les of MD calculation of TMPD with or without explicit solvent molecules of ACN are shown in Fig. 4a, b , respectively. The temperature profi le is much more smooth in the case of the larger system (TMPD with 13 molecules of acetonitrile, abbreviated as TMPD+13), see Fig.  4a . The last 0.02 ps was the temperature of the TMPD+13 system in a 20 K interval around the temperature of the thermostat, which is an acceptable result. Nonetheless, the temperature oscillations below 4 K are desirable. All geometries used in the succeeding HFCC calculations (Table 4) were gained from the time interval 0.05-0.10 ps (last 500 and/or 250 time steps) of the MD simulations. The still present oscillations in the temperature profi le might be caused by a still small number of degrees of freedom which did not allow a unique/ fair distribution of the kinetic and potential energy within the system (temperature is defi ned exclusively via kinetic energy). Temperature is changing much more rapidly in the case of the MD simulations of the TMPD molecule without solvent molecules and the magnitude of the oscillations of the temperature are large comparing to TMPD+13 system as well, see Fig. 4b . Table 4 . A very nice agreement with experiment (7.051) was obtained by means of combining the molecular dynamics for the 500 last time steps and HFCC calculations for the nitrogen atom (7.046), see Table 4 . The difference with experiment is just 0.01 %. On the other hand, the results are not so satisfactory in the case of the methyl group hydrogens. Even a simple arithmetic mean of the fi xed methyl group hydrogens (from previous calculations of conformer 4a) gives a better agreement with experiment than the MD based HFCC. The difference between the simulated and the experimental HFCCs is probably caused by the low quality of the basis set (3-21G), the short duration of MD and a still small size of the system. HFCCs of the hydrogens of the aromatic ring, which are obtained as the average of the MD geometries, are comparable with those obtained by a simple arithmetic mean of the 4a conformer (1.712 and 1.704, respectively). In addition, the temperature is not well behaved for the TMPD+13 system by means of the thermostat in the time span 0.05-0.075 ps. And although the results are encouraging, it seems more appropriate to account only the last 250 time steps in the calculation of HFCC, for which the temperature of the system agrees better with the thermostat. In this case the HFCCs are less satisfactory in comparison with experiment, though. The change of A F (N) was the largest, about 4 %. It is interesting because the temperature was better defi ned in the fi nal time span, i.e. better than in the case of the original span (500-1000). However the A F (N) value is still in a better agreement with experiment than the B3LYp/ cc-pVDZ value for the 4a conformer (see Table 2 ). Unfortunately, the MD simulation did not lead to an overall improvement of the agreement between the calculated and experimental HFCC values.
Conclusions
The choice of the level of theory turns out to be a key factor for accurate HFCC calculations. than the DZ family basis sets (like cc-pVDZ and augcc-pVDZ). On the other hand, the cc-pVTZ and cc-pVQZ basis sets have also worse agreement with the experimental HFCC values comparing to the cc-pVDZ / aug-cc-pVDZ and UDZ basis sets. The uncontracted UDZ basis set has been chosen in the believe that it could further improve the electron/ spin density behavior at the nucleus. Nonetheless, no serious effect of the contraction scheme on HFCC is found, i.e. the contracted basis sets are able to describe the core electron spin density properly for light elements and are found actually more accurate for the HFCC of the nitrogen atom. The infl uence of the solvation model is found not very signifi cant in the case of TMPD. The differences between the employed solvation models (PCM, CPCM) and solvents (ACN, MeOH) are negligible compared to the impact of the choice of basis set or method of HFCC calculation. Nonetheless, the inclusion of the solvation models is found very important in HFCC calculations of compounds containing the NO 2 group for instance (Rimarčík et al. 2011 ) so our result cannot be taken as a general rule. The conformation analysis yields in the case of the TMPD molecule only one stable conformer, nonetheless the inclusion of Boltzmann statistics seems an interesting option for the HFCC calculations. Studying the issue of the equivalence of methyl group hydrogens revealed that considering the HFCC for the free rotation of the methyl group is closer to real experiment than a simple arithmetic mean of the methyl group hydrogens for the most stable conformer. The value of HFCC of the methyl group hydrogens obtained by this approach was 6.74 Gauss (the experimental one was 6.77 Gauss [exp1]). A little bit worse was the statistically scaled value for the methyl group rotation (6.57 Gauss), but it was still satisfying in comparison with experiment. Inclusion of the solvent molecules explicitly in the MD simulation (realized by NWChem package) was introduced as well. Although a basis set of lower quality (3-21G) was used during MD and the MD duration was very limited, the computed value of HFCC of nitrogen (7.046 Gauss) is in an excellent agreement with experiment (7.051 Gauss). This result shows the great promise of this method. Unfortunately, in the case of HFCCs of hydrogens (both of aromatic and methyl group's ones) we were not so successful, yet. The mentioned low quality of the basis set, short duration of the simulations and the size of the system seem to be the most limiting factors in the presented MD simulations. Nonetheless, molecular dynamics is a promising method for approaching similar conditions in ab-initio calculations as those found in a real experiment and we plan to focus further on this topic in the near future (like using basis sets of higher quality, using a shorter time step and/or a longer duration of MD to achieve signifi cantly better agreement, robustness and repeatability in comparison with experiment).
